
First Quarterly Zeport 
For 

THE DEVELCPMENT OF A SEGMENTED, 
AXIALLY CONDUCTING, PYROLYTIC 

GRAPHITE REACTION CONTROL ENGINE 

Contract No. NAS 9-5424 

December 15, 1965 - March 14, 1966 

Submitted To 

NASA - Manned Spacecraft Center 
Houston, Texas 77058 

Prepared By 

Curtiss-Wright Corporation 
Wright Aeronautical Division 

Wood-Ridge, New Jersey 07075 



First Quarterly Report 

For 

THE QEVELOfMENT OF A SEGMENTED, 
AXIALLY CONDUCTING, PYROLYTIC 

GRAPHITE REACTION CONTROL ENGINE 

Contract No. NAS 9-5424 

m e m b e r  15, 1965 - March 14, lE66 

Submitted To 

NASA - Manned Spacecraft C ento 
Houston, Texas 7705h 

Prepared By 

C ur ti s s - W r I ght C or po r ation 
Wright Aeronautical Divisi, m 

Wood-Ridge, New Jersey 0’7075 



This is the f i r s t  quar te r ly  report  covering the vork performed under NASA 
contract NAS-9-5424 during the period from December 15, 1965 through 

March 14, 1966. 

type configuration of an Axially Conductizig E n g i n e  (ACE) i n  which pyro ly t ic  

graphite (PG) wedges, res t ra ined  by an elastic s t ruc ture ,  form the  combustion 

chamber and coetle of the  engine. 

The object ive of t h i s  program is  t o  demonstrate a f l i g h t  

During t h i s  quarter ,  the  design of a r i g  engine, including thermal an6 
s t ruc tu ra l  analyses, was completed, and fabr ica t ion  of parts f o r  t he  first 

engine build w a s  i n i t i a t e d .  
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I. INTRODUCTION 

A .  Program Scope and Obiective 

A th i r teen  month program is beicg conducted for the prelinirrary development 

of a segmented, ax ia l ly  conducting, 100 pound thrust  pyrolyt ic  graphite (PG) 

rocket engine. The i2velopment 

plan includes thermal and s t ruc tu ra l  malyses ,  desigr! v e r i f i c a t i a n  tescs  of 

two r i g  engines, two f l i g h t  configuration engine tests fo r  finah design 

demonstration, and an examination of engine compatibil i ty with advanced pro- 

pel lants .  

Spacecraft Center w i l l  occur a t  the end of the  fourteenth month. 

The program schedule i s  shown i n  Figure 1. 

The delivery of a f l i g h t  configuration engine t o  NASA Manned 

The objective of this program i s  t o  denonstrate the f e s s i b i l i t y  of t he  AxiaLly 

Con5uctiag Engi-le (ACE) concept for react ion control engine applications.  

Ultimately, the engine w i l l  be capable of buried and/or exposed i n s t a l l a t i o n  

on a spacecraft  and w i l l  be capable of use. with the f luorine family of 

advanced propellants.  

The design conditions fo r  the f l i g h t  type PCE engine are  as r’ollars: 

Vacuum Thrust: 

Chamber Pressure: 

Propellant I n l e t  Pressure: 

F u e l  : 

Oxidizer :  

Oxidizer / F u e l  Rat io:  

Specific Impulse: 

100 lb s  w i t h  4 0 : l  nozzle 
area r a t i o  

100 ?s ia  

195 + 5 ps ia  - 
Monome thy lhydr az i r  e 

Nitrogen Tetroxide 

1 .6 : l  

290 seconds when operating w i t h  

40:1 area r a t i o  nozzle for  

pulses of 1.0 second duration 

Of ?cn,2r. 
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lb-sec Minimum Impulse B i t :  

Life:  

Wcight : 

1000 secmds t o t a l  ti= includ- 

ing L SO0 second continuous run. 

Not specified but a l l  e f f o r t s  

s h a l l  be made to  ac ta in  a mini- 

sua velue . 

me Curtiss-Wrlght designation for the e w i n e  being developed under t h i s  

contract  is YLR-23. 

B. E n g i n e  Concept 

The a x i d l y  conductfng engine, Figure 2, consists of a nlmber of pyroly t ic  

graphite wedges, r - J i a l T p  insulated,  and res t ra ined  3p an elastic watchband 

structure. The face of each wedee is Jndercut t o  form a Land which serves as 

the inner portion of the  chamber. The vatchband, a r e l a t i v e l y  s t i f f  circun- 

f e r e n t i a l  s p r i q ,  holds t h e  wedge i n  caqressive contact oniy along the  land 

suriace. 

wedges (primarily i r z  a c i r c m f e r e n t i a l  direct ion)  t o  maintain reasonable land 

stresses. 

f e r e a t i a l  chennal growth th  

13 addition, the watchband allows enough thermal grovth of t h e  

The undercuttiog of the  wedges a l s c  minimizes the amount of circm- 

s t  be handled by the watchband s t ructure .  

A pyrolytic graphite sleeve assembly insu la tes  the watchband fram the  heat 
sink formed by rhe vedges. 

seccors t o  eliminate hoop r e s t r a i n t  and assure uniform transmissior of t he  

vatchband load co the wedges. Pyrolytic graphite insu la t ing  washers are 

provided a t  both ends of the vedge assembly t o  minimize heat  conduction i n t o  

the  injector, and into the rear housing flange. 

These sleeves are s p l i t  longitudinarly i n t o  

The high thermal conductivity of the PG i n  the plane of the  wedge is used t o  

.nduct heat frm t h e  inner chamber surface t o  the  cooler portions of the 

chamber. 

radiated t o  spa.x. Ati i n t e rna l  spray cooling concept is provided t o  fu r the r  

extend engine C z r s b i l i t y .  A portior. the fuel from the in jec tor  is 

During the shu t  down periods following engine operation the heat is 
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introduced t m g e n t i a l l y  on the chamber w a l l  adjacent t o  the  in j ec to r .  

this spray r e s u l t s  i n  lower chamber and throa t  temperatures and restrqits 

onset of erosion. 

Use of 

A s ixteen port swirl cup in j ec to r  is used vith the ACE chamber. Alternating 

f u e l  and Qxidizer ports are tangent to  the swirl c-ap circumference, with a 
nine degree cart toward t h e  cup o u t l e t .  

c)ramber where t n i t i a l  burning of t h e  p r o p e l h t s  taker place. 

This d r l  cup serves as a p r e d x  

c. suwary of Promami Sta tus  

Figure 1 shows t h e  program schedule. 

p le ted  and the layout design of the r i g  engine configuration is shown €n 
Figure 4. Hot f i r i q  teats of the r i g  e-ne wi l l  v e r i f y  the  dersign which 

differs fro0 the flight configuration in three major areas, as shown on the 

preliminary layout, Figure 2: 

--\ 

Phase 1 of the prograo has been cam- 

1. The spray cooling ortfices are coatained i n  individual p f n t l e s  

mounted i n  a separate  housing on the  r i g  engine. Thts f l e x i b i l i t y  

provides an easy means of adjus t ing  the spray direct ion,  penetration, 

and ve loc i ty  s h o d ?  testing indica te  changes are required. 

f l i g h t  coafiguration, the  spray orifices are an i n t eg ra l  p a r t  of the 

in jec tor .  

I n  t h e  

2. Because of the individual  p i n t l e  arrangement i n  the  rig engine, the 

Beileville washers are relocated t o  the exhaust nozzle exit. This 

arrangement is not used i n  t he  f l i g h t  engine as it vould i n t e r f e r e  

with the nozzle extension. 

3. A heavy duty r i g  engino. housing is provided to  munt deflect ion 

probe instrumencation used t o  measure the  r a d i a l  def lec t ions  of the  

wedge and watchbar,d assembly during test. 

between the  rig housing and the  watchband t o  allow f o r  modifications 

to the wedge r e t en t ion  loading if required. 

Space is a l so  provided 

Detailed drawings for a l l  r i g  engine p a r t s  fo r  use i n  fabr ica t ion  have been 

completed. 

3 
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Thermal and stress analyses were conducted t o  support the mechanical design 

ac t iv i ty .  A thermal m o d e l  fo r  the  WLR-23 r i g  engiae w a s  prepared and C m -  

puter runs were =de to  es tab l i sh  the the-temperature his tory fo r  a 500 

second f i r i n g ,  Overall r e su l t s ,  shovn i n  Figure 3, indicate  a pyrolytic 

graphite throat  temperature of 2370°F which 2s below the  temperature at which 

erosion occurs. 

the  run led t o  the  selectioa of Bene' 41 as the best watchband materiel. 
The caoPputed vatchband temperature of 1460°F at the end of 

A n  important pa r t  of the thermal anaZysis program vas t o  e s t ab l i sh  the  heat 

t ransfer  coef f ic ien ts  t o  be used. 

port  swirl cup injector e i d l a r  to the  a t o  be wed on t he  ACE rig engine 
t ee t s  and an iastruaented copper chamber. 

tests vas used in a correlctioa procedure t o  e s t ab l i sh  the heat t ransfer  

coeff ic ients .  

Engine firings were made with a sixteec 

The temperature data  from these 

The temperature p r o f i l e s  established during the thermal analysis  vere 

u t i l i zed  i n  the  structural analysis  of the vatchband and wedge  assembly. 

Restraint  m u s t  be provided by the watchband to  insure proper contact of the 

wecge lands under a l l  conditions, but this loading m u s t  be within the  capa- 

b i l i t i e s  of the  pyrolyt ic  graphite and the  watchband material. 

procedure vas used to arrive a t  a satisfactory vatchband design. 

An i t e r a t i o n  

A l l  de ta i led  drawings for fabricat ion have been released and the current 

s t a t u s  oE manufacture of these p a r t s  places the  i n i t i a l  test of t h e  ACE r i g  

engine i n  early April  1966, somewbt ahead of schedule. 

Section I1 of this report  contains detai led discussions of the  r i g  engine 

design and analyses, r e s u l t s  of the  analyses, and descriptions of the f ab r i -  

cat ion proceas ol' pert inent  r i g  engine par ts .  

4 
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11. DISCUSSI3N 

1. Objectiven 

The broad ob_q-ctiverr for the rLg engine de6Lgn were to: 

The major change in the  ULR-23 i i g  engine f r a  the VLB-21 c u a f t w a t i o n  was 

decreasing the site f r m  a 5.5 inch OD to a 4.3 hch wnfrzl outside diameter 

to  reduce eSght axmi envelope. 

In addition,interchaageability of the rig engine and the fb igbt  engine c a -  

bustion chamber was provided so t h a t  :he analp t ica l  studies, fabrication d 

test experience are d i r ec t ly  appitcable t o  the f inal  destgn. 

2- Engine Performance 

The perfowance targets for  the  engine, mCer vacum coaditions, are 100 

pounds of t h ra s t  at 3 miaimk spec i f ic  impulse of 290 seconds ~ 8 - q  a 
4O:l nozzle expansion r a t i o .  Based OQ these requirepents, the  follawiug 

per t inent  engfne parameters, assuned and calculated,  were established: 

Nozzle Efficiency (5) 
W Efficiency 

Heat Loss t o  the Ch&r 

Chamber Pressure 

Total Propellant Plow 
Uxidizer/Fuel R,tio 
Nozzle Throat Area 

Chamber Contraction Ratio 

98% 

96% 

1 ..sx 
100 p s i a  

0.333 Ib/sec 

2 00 

0.547 in 

5.0: l  

2 

5 
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3. Canponent Designs 

The overa l l  ULR-23 engine design is i l l u s t r a t e d  i n  Figure 4. 
assembly cons i s t s  of eighteen circumferent ia l ly  or iented pyrolyt ic  graphi te  

wedges with r a d i a l  insu la t ing  sleeves res t ra ined  by an external  e l a s t i c  hoop, 

or watchband. 

meane of the  in su la t ing  sleeve overhang and the  end sea l ing  and insu la t ing  

washers. 

which i n  turn,  is doweled t o  the  external housing. A t  the  nozzle, the 

sea l ing  washer p i l o t s  i n  the spr ing shoe which f i t s  within the  housing ins ide  

diameter. 

p a r a l l e l  B s d e v i l l e  spr ings located a t  t h e  aft end of t h e  engine. 

spr ings are loaded by a shim i n t e g r a l  with t he  a f t  flange, 

The chamber 

The assembly is supported in t he  heavy duty r i g  hausinq by 

AL che in j ec to r  end, t h i s  washer p i l o t s  i n  the p i n t l e  housing, 

An axial sea l ing  load is applied t o  t h e  end washer faces by four 

These 

The p i n t l e  housing coatafns irixteen indiwidual and adjustable  p i n t l e s  with 

spray o r i f i c e s  that provide fuel  spray coolant op the canbustion chamber t o  

extend engine durability. 

possible.  

through a s ing le  i n l e t  f i t t i n g .  

Both angular and r a d i a l  p i n t l e  ad jusments  are 

Fuel is supplied to  t h e  o r i f i c e s  by means of a camnon manifold 

The i n j ec to r  i s  a 16-port, s ing le  plane, swirl cup mounted i n  the  center  of 
the p i n t l e  housing and held i n  place by a clamp ring. Two i n t e r n a l  pro- 

pe l l an t  manifolds ( fue l  and oxidizer) are connected to  the  orifices by a 

series of d r i l l e d  passages. 

with a nine degree cant toward the  cup ou t l e t .  

couples each manifold t o  the propel lant  valves. 

The orifices en te r  t he  swirl cup tangent ia l ly  

An i n l e t  f i t t i n g  c lose  

A de ta i led  discussion of per t inent  f ea tu re s  follows. 

Wedge Chamber Assembly 

A sketch of t h e  chamber in t e rna l  contour i s  shown i n  Figure 5 .  

bustion chamber s i z e  was establ ished from in-house performance optimization 

tests where various chamber lengths and contract ion r a t i o s  were tested t o  

provide trends of s i z e  versus performance. 

The com- 

6 
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Wedge depth a s  i t  a f f e c t s  s t i f f n e s s  w a s  a l s o  considered i n  es tab l i sh ing  t h e  

i n t e rna l  dimensions of the  engine s ince the watchband and insu la t ing  sleeves 

occupy much of the  radial depth of the chamber. 

was required t o  provide s u f f i c i e n t  wedge s t i f f n e s s  i n  bending. 

Adjustment of the chamber I D  

Another advantage of the  contract ion r a t i o  selected (5.0:l) is a reduced 

d i f f e r e n t i a l  thermal expansion due t o  differences i n  diameter between the 

chamber and throa t  sect ions.  

The divergent port ion of t h e  wedges provides an exit cone expansion r a t i o  of 

4.5: 1. 

WLR-21 engine. 

divergence with no abrupt curvature change a f t e r  t h e  throat sect ion.  

The selected 4.5: l  wedge expansion ratio provides 

the same as the  chamber dtameter for s t r u c t u r a l  reasons, minimum 
external watchband cmtainment load requirements, and a light w e i g h t  

configuration. 

The expansion ra t io  and cone half-angle are the  same as used on the  

Several other  angles were studied t o  obtain a contour and 

an exit  diameter nearly 

Provisions f o r  an e x i t  cone extension could be made t o  the  aft  end of t he  

f l i g h t  engine t o  achieve the  specif ied vacuum performance a t  f u l l  expansion. 

The exact bellmouth contour would be establ ished by an aerodynamic study 

which i s  not within the  scope of t h i s  program. 

A C 

nozzle contour and f r i c t i o n  losses .  

e f f ic iency  of 0.98 was  used f o r  design ca lcu la t ion ,  which includes F 

Heavy Duty Rig HoLsing 

The r i g  housing i s  the heavy duty s t ruc tu re  i n t o  -vhich the th rus t  chamber 

assembly is  mounted f o r  t e s t ing .  

watchband r e s t r a in ing  load on the wedge assembly with circumferential  leaf  

springs. 

Space is  provided t o  scpplement the 

A pa i r  of def lec t ion  probes 180 degrees apa r t ,  w i l l  be in s t a l l ed  a t  each of 
four locat ions along the chamber length. 

of the watchband and wedge assembly during test .  

These probes measure r a d i a l  growth 
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Four short  thennocouple w i r e  clearance grooves are located on the inner 

diameter a t  t he  back end of the housing. 

pressure is located behfnd the rearmost def lec t ion  probe. 

A f i t t i n g  t o  measure cavi ty  

Shoe - 
The shoe transmits t he  axial Be l l ev i l l e  spring load t o  t he  sea l ing  washers 

and the wedge assembly. 

assembly within the inside diameter of t he  heavy duty housing by means of the 

p i l o t  provisions w i t h  the  rear sea l ing  washer. A sprayed coating of Rokide 2 

insu la t ien  on the  inner conical  surface sh ie lds  the shoe from the exhaust gas 

stream. 
protected by the conical  a t e n s i o n  on t h e  ins ide  diameter. 

It supports the a f t  end of t he  t h r u s t  chamber 

The Belleville aprings, which are housed i n  t h e  ahoe, are a l s o  

Belleville' Springs 

Four stacked Belleville spr ings are i n s t a l l e d  at the aft end of the engine. 

They -e p a r t i a l l y  def lected t o  exert an axial load to  maintain a leakproof 

seal a t  the ends of the  t h r u s t  chamber assembly. During test, t h e  springs 

w i l l .  compensate f o r  t h e  d i f f e r e n t i a l  theimal expansion betwsen the chamber 

assembly and the  external  housing. 

Figure. 6 

Belleville spring set. 

temperature and 600°F (the operat ing range during the 500 second test run). 

The dashed l i n e  drawn between these curves represents  t he  load/s t ress  values 

a t  intermediate temperatures during the test. 

a t i n g  temperatures w i l l  occur, &ne 41, a nickel-base high temperature 

corrosion r e s i s t a n t  a l loy  is  used t o  insure sa t i s f ac to ry  r e s u l t s .  

shows t h e  load-deflection and t h e  s t ress -def lec t ion  curves of the  

Values are p lo t t ed  f a r  conditions at both roam 

Although only moderate oper- 

The i n i t i a l  preload of t he  springs is  2500 pounds. 

the pressure area term Over the ins ide  cross-section of the  housing. A t  the  

end of 500 seconds of running, the ne t  axial thermal growth is calculated as 

.025 inches. During the 500 second run the  load-deflection r a t e  w i l l  follow 

the dashed l i n e  path shown on Figure 6 .  

This i s  25% higher than 
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A sunraary of the  engine bearing s t r e s ses  i s  presented below: 

Bearing S t r e s s  - P s i  

In te r face  t = O  t = 500 sec 

P i n t l e  Housing - Front Sealing Washer 494 563 

Front Sealing Washer - Wedge Assy. 1003 1270 
1090 Wedge h s y .  - Rear Sealing Washer 958 

Rear Sealing Washer - Shoe 590 672 
. 

The bearing stresses remaia nearly constant because of the  f l a t  Losd-de- 

f lection c h a r a c t e r i s t i c  of the  spring. 

P i n t l e  Housing and P i n t l e  

The p i n t l e  housing contains s ix teen  p i n t l e s  which spray cool t h e  combustion 

chanber w a l l .  

t o  a canmon manifold that  is fed from a single external f i t t i n g .  

The housing i s  the  forward closure of the  engine and supports t he  chamber 

assembly and an end seal. 

The p i n t l e s  are r a d i e l l y  located i n  the  housirig and connected 

Structual ly ,  the p i n t l e  housing is  t r ea t ed  as a s o l i d  f l a t  p l a t e  with a 

c e n t r a l  hole. 

and simply supported on the outs ide diameter. 

def lect ions are ificreased by the reduction i n  cross-sectional s t i f f n e s s  due 

to  the  p i n t l e  holes and clearance grooves. 

occurs for the conservative case of a simply supported outside edge. The 

maximum stress w a s  calculated as 14,720 p s i  with a def lec t ion  of .0026 inches. 

It i s  f r e e l y  supported on t h e  ins ide  diameter and both f ixed 

The y x i m u m  edge stresses  an^ 

The maximum stress and def lec t ion  

The p i n t l e  is a hollow stepped bar with an o r i f i c e  a t  one end and a cleaning 

plug a t  the other .  

c m o n  manifold i n  the p i n t l e  housing. 

t o  prevent any external  or  in te rna l  propellant leakage. Indexing l i n e s  on 

t h e  outer end allows each p i n t l e  t o  be precisely adjusted. A sh iming  

dtrangement provi&, an exact adjustment of the radial distance of the 

o r i f i c e  from the chamber w a l i .  

A r a d i a l  feed hole below the  s t ep  connects with the 

Redundant O-ring sea l s  are provided 
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I n  j ec t or 

Figure 7 shows the  r i g  in jec tor  design fo r  the WLR-23 engine. 

pe l l an t s  a r e  introduced tangent ia l ly  i n t o  the 16-port s w i r l  cup where the 

flow becomes ro t a t iona l  and mixing takes place around the w a l l .  The cen- 

t r i f u g a l  force of the  swir l ing propellant maintains a l iqu id  f i lm on the wal l  

which prevents the wal l  of the cup from becoming overheated. A low thermal 

shape f ac to r  a l s o  contr ibutes  t o  t h e  i n j ec to r  du rab i l i t y  and minimizee heat 

input t o  the valving. 

The pro- 

The propel lants  en ter  t he  in j ec to r  through an i n l e t  f i t t i n g  i n  the  manifold. 

Within the manifold the flow i rv ides  i n  half  and then branches v i a  c ross  

d r i l l i n g s  t o  the o r i f i c e  connecting holes. 

tangent t o  the swirl cup a t  a 9 degree cant toward the  cup o u t l e t .  

The metering o r i f i c e s  are 

The manifolds are constructed with gradually decreasiag steps.  This main- 

t a i n s  constant velocity and minimizes the  i n t e r n a l  losses  caused by sudden 

decreases i n  flow volume a t  in te rsec t ions  with the  branch holes. 

The c r i t e r i a  for the design a f  the two in j ec to r  configurations which have 

been fabricated are slarmarized b e l w :  

Oxidizer Flow ( In jec tor )  lbs/sec 

Fuel Flow ( In jec tor )  lbs/sec 

Injector  O/F 

Overall Engine O/F 
% Spray Cooling 

Spray Fuel Flow (Pin t les )  lbs/sec 

Discharge Coefficient C D 

Orif ice  Pressure  Drop - p s i  

Or i f ice  Diameter - i n .  

In jec t ion  Velocity - ft /sec 

ES156903N1 

.2050 

.lo25 

2 .o 
1. 1 f. 

23 
. 0 2 :, S 

.85 

Oxid. Fuel 
40 78 

.0310 .0209 

54.5  97.7 

ESl59903N2 

.2050 

1025 

2 .o 
1.6 

20 

-0255 

.85 

Oxid. F u e l  

45 50 

.0300 .0234 

57.8 78.3 
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A summary of the internal passage flow velocities is given below: 

INLET FITTING 
Hole M a  - in. 
Velocity - ftlsec 

INTERNAL FLOW VELOCITIES 
16 PORT INJECTOR 

OX FUEL 

.156 .156 

17.5 17.5 

MANIFOLD 
Flow Fraction 112 318 114 110 112 310 114 iia 

Passage Width - in. .25 .10a .i25 . o m  .25 .108 .i25 .i25 

Passage Depth - in. .116 .116 .116 .116 -25 -25 .25 a125 

Velocity - ftlsec 5.75 2.15 

FEED HOLES TO ORIFICES Dla - in Vel ft/sec Dia - in Vel ft/sec 
Axial Connecting .086 7 .O .086 5.7  

Radial Connecting (Body) .086 7 .o .086 5.7 

Radial Connecting (Insert) .073 9.8 .073 7 . 9  

The overall response time (signal to 90% thrust) for these injectors is 

estimated to be 50 milliseconds. 

A summary of the response times for both injectors is shown below: 

TIME IN MILLISECONDS 

Signal to Valve Open 
fnjector Fill Time 

Ignttion Delay Time 
Pressure Rise to 90% M a x .  Thriiat 

OXIDIZER FUEL 

12 .o 12.9 

19 .o 29.0 

4 .O 4.0 
5 .o 5 .O 

L . O . 0  50 .O 
- - 
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4. Instrumentation 

The instrimentation drawing, Figure 8, indicates  the  location of tempera- 

t u r e ,  pressure, and def lect ion instrunentat ion t o  be used during r i g  engine 

tes t ing .  This instrumentation i s  required t o  monitor test progress, and t o  

provide da ta  fo r  evaluation of t h e  design. 

Thermocouples 

A thermocouple i n  the in jec tor  w i l l  measure the swirl cup inner wal l  tempera- 

ture  t o  evaluate long duration f i r i n g  e f f e c t s .  Four thermocouples, attached 

t o  the r i g  housing outs ide surface,  are used t o  provide thermal correct ions 

of the  def lect ion readings t o  account fo r  housing growth. 

attached t o  two def lec t ion  probe rods in r ide  the  housing cavi ty  t o  measure 

temperature due t o  contact with the watchband. 

t o  cor rec t  fo r  thermal expans€on i n  the  def lec t ion  readings. 

couples are welded t o  the  watchband outs ide diameter i n  the housing cavi ty  

t o  monitor t h i s  temperature during the  test runs fo r  comparison w i t h  ana-, 

l y t i c a l  heat t r ans fe r  results. 

Thermocouples a re  

This temperature w i l l  be used 

' h a  thento- 

Prersures -- 
Pressure f i t t i n g s  are provided t o  measure static pressure at various loca- 

r ions i n  the engine. 

cup and ccmbustion chamber pressure ct two locat ions a t  the l i p  of the  s w i r l  

cup a re  measured. 

housing f o r  measuring cavi ty  pressure. This provides an indicat ion of the 

thrus t  chanber wedge lapd s e a l  or end seal 'Leakage and is  monitored during 

test. 

The p res su re  i n  the back w a l l  of the in j ec to r  swirl 

I n  addi t ion a f i t t i n g  is  provided i n  the  heavy duty 

Deflection 

Deflection probes are used t o  measure t h e  r a d i a l  def lect ion of the watchband 

due t o  the thermal grpiwth o f  the  wedge assembly. 

guided rod t h a t  rests on the  outs ide diameter of t h e  th rus t  chamber assembly 

(watchband). An O-ring sea l  prevents gas leakage and a loading spring holds 

i t  i n  place against  gas pressure. 

The probe is a ulender 
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Deflections a re  measured by t rans la t ing  the r a d i a l  movement of the rod :nto 

an e lectr ical  signL using a Linear Variable Dif fe ren t ia l  Transformer (LVDT) 

mounted o the  probe body. This e l e c t r i c a l  signal is  recorded In s t r i p  

char t s  and i s  d i r e c t l y  proportional t o  the direct!.on and displacement of the 

probe. 

Eight def lect ion probes are arranged i n  pairs locdted 180 degrees apart, and 

posi t iontd ax ia l ly  a t  s t a t ions  which ,orrespond t o  the ana ly t ica l  sect ions 

used i n  the  computer program. 

Each p a i r  of readings w i l l  be averaged and compared with the preaicted ana- 

l y t i c a l  value at  tha t  section. 

between the  predicted and ana ly t ica l  temperatures on the inqer w a l l  of the  

th rus t  chamber. An iterative process is condccted i n  which a nozzle inner 

wall temperature is assuned as w e l l  as a thermal gradient t o  the measured 

temperature of the  watchband. 

is  calculated,  as i s  the r a d i a l  deformation due to  the  ccmpressive load In  

t h e  land. 

The procedure i s  repeated u n t i l  the  calculated def lect ion zyces  with the 

measured value. 

Discrepancies are h e  mainly t o  a difference 

The r a d i a l  thermal expansion of eack clement 

These displacements are combined t o  give a net  r a d i a l  deflection. 

The calculat ion i s  repeated f o r  se\---ral f i r i n g  times a t  the cmmber and 

throat  probe locations and the  ac tua l  inner w a l l  temperature d<s:ribution 

determined. 

analysis,  and for adjust ing the re ten t ion  loads, i f  require-'. 

These r e s u l t s  ere then used for cor re la t fag  tha heat rxansfer 

The e f f e c t s  of axial bending zre not included i n  the iterative method. 

determine whethsr the e f f e c t s  of a x i a l  bending are s igni f icant  i n  the 

correlat ion procedure, the r i n g  analysis  i s  used and resul ts  compared v i t h  

t h e  combined r i n g  and bending analysis .  

To 
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11. 

B. Thermal Ar-alysis 

Tempersture p ro f i l e s  i n  the  T i - 2 3  r2g engine configuration were calculated 

st several c'mber locations fo r  a 5 0  second f i r i n g  (plus a 100 second so& 

period)  by means of a thermal canputsr pragrgn. This temperature da ta  vas 

required t c  Zroperlp e s t ab l i sh  ?he mechanical and s t r u c t u r a l  design of the 

engine. 

nary layout, Figure 2- 

data o b t a h e d  d u r b g  instrumented copper engine tests. 

A thermal m o d e l  f o r  the engine was constructed based on the p r e l i n t -  

The fi lm coe f f i c i en t s  used yexe calculated fran 

1. Method of Analysis 

The analy t ica l  temperature-tis 

engine vere obtained using e Thermal Analyzer D i g i t a l  Canputer Program. 

program uses *,he general heat conduction equation end an equivalent resistance 

capacitm-ce netwrk to TroPide solut ions for transient or steady-stste 

analysis of a nmber of materirls having variable thermophysical p roper t ies .  

The analysis  considers heat t r ans fe r  by conduction, convectian, and radia-  

f io2.  

caubinatioas of these fac to r s  v i t h  a vide  variety cf  boundary conditions are 

also e a s i l y  handled. 

re la t ionships  for the copper engine and r i g  

This 

Ablation, deposition, mass transfer, change of phase a d  various 

The t ime- teqera ture  da ta  f r a n  a copper chaar'-.er hot f i r f a g  test vithcut spray 

coolSug was used t o  first determine t h e  heat  flux (Q) to t h e  inner wall_ and 

'-12 filu. coef f ic ien t  (h) representing the boundary conditions of a dry w a l l .  

The fi lm cuef f ic ien t  is primarily a function of two parameters which are 

normally constant during a test run: total  temperature of the  gas and chamber 

pressure. During the i n i t i a l  few seconds of f i r i n g ,  t he  time-temperature 

curve [slope) is almost e n t i r e l y  dependent on t h e  heat  en ter icg  the imer 

wall. Gnly a ceql ig ib le  amount of heat leaves the  backside of the  engi te  

dui-ing t h i s  i n i t i a l  periDd. A thermal model was constructed, incorporating 

the calculated fi lm coef f icim. t at  each chamber locat ion and th2 r e s u l t i n g  

the- temperature  h i s t o r i e s  were then canpared t o  the t z s t  results. 
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The same copper engice w a s  a l so  hot f i r e d  using propellant spray cooling on 

the inner val l .  

a x i a l  dis tance from t h e  p i n t  of in jec t ion .  Reference ( l j , p - i 7 ,  presents a 

method of thermal ana lys i s  which assumes tbe layer remains along the  e n t i r e  

chamber ua11. 

co r re l a t i cn  which indicates  t ha t  t h i s  coolant vapor p e r s i s t s  t* the throa t  of 

the nozzle. 

The l i q u i d  on the va l l  is converted t o  vapor within a short  

This analys is ,  used u5th the W ? - 2 1  test r e s u l t s ,  showed a c lose  

Using Reference (11, adiabat ic  wall  temperatures vere calculated.  These 

calculated temperature; were then wed  as the driving temperatures i n  a 

+ h e m 1  model with the f i lm coe f f i c i en t s  calculated from the dry  copper engine 

run, t o  estimate the e f f e c t  (time-temperature h is tory)  of sprey cooling. The 

time-temperature h is tory  thus produced is canpared t o  the  spray cooled copper 

ck-mber test data .  

Final ly ,  a them1 model fo r  t he  ACE rig configuration vas constructed using 

t h e  fi lm coef f ic ien ts  from the  copper engine studies .  

'mperature used i n  the  copper engine cor re la t ion  vas corrected for  t he  

s l i g h t l y  longer axial c0olir.g path i n  the  ACE r i g  conffguration. 

refin-nt t o  the  thermal model concerned the  amount of physical contact 

between c e r t a i n  coocponents. 

The adiabat ic  f i lm 

Another 

WLR-21 engine test experience showed t h a t  the  

thermal coutact between the  pyrolyt ic  graphi te  sleeves and the sedges plays 

an important r o l e  in predict ing t h e i r  temperatures. 

found to  be time dependent; as the wedge temperature rises the contact 

loading increases. This fac tor  was a l s o  considered i n  es tab l i sh ing  the  

ULR-23 thermal model. 

The the r sa l  contact w a s  

2. Copper Chamber T e s t  Configuration 

A drawing of t h e  copper chamber, r i g  in j ec to r ,  and spray p i n t l e  arrangement 

is sham i n  Figure 9. The in j ec to r  (ES156732) i s  heavy duty r i g  type 

hardware developed during a n  in-house program and approximates the in j ec to r  

configuration tha t  w i l l  be used during the ACE r i g  engine tes t ing .  

The spray cooling configuration contained s ixteen individual p i n t l e s  equally 

spaced and positioned r a d i a l l y  abaut the p i n t l e  housing. The p i n t l e  
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protrusion i n t o  the chamber and angular posi t ion are adjustable.  

WA-21 experience, the p i n t l e  o r i f i c e  center l ice  w a s  positioned 3.025 inches 

i n t o  the chamber and a t  an angle of 20" with respect to the  engine center l ine.  

The spray d i rec t ion  was i n  an opposite rotational d i rec t ion  to  tha t  of the  

propel lact  from the swirl cup. 

required, the  p i n t l e  and housing assembly €s replaced with a capper spacer of 
equivalent thickness . 

Based on 

For test r u m  where spray cooling is not 

The copper c d u s t i c n  chamber vas instrrrnented with chrauel-alunel thermo- 

couples, a f lu sh  mounted high frequency Kistler pressure transducer, and a 

Wiaalro pressure transducer for seeady-state pressure measurements. Details 

of the  thermocouple posi t ioniag is given in  Figure 10. 

vere spr ing loaded t o  insure contact throughout the firing cycle.  

The thermocouples 

Destgn point conditions for t h i s  hardware are as fd lows :  

Fuel Spray - Oxidizer 

Propellant weight flow - lbs/sec. 

Propellant orifice pressure drop - p s i  

Propellant orifice exit ve ioc i ty  - ft/sec 

c.205 0 . 102s 0.0255 

35 78 52 

51 9a 2a 

Spray cooled and non-spray cooled hot f i r i n g  engine tests w e r e  made t o  

provid-. data  for corre la t ing  with the ana ly t ica l  computer program. 

were terminated when canbustion chamber temperature reached approximately 

1000°F. 

The t i m e  t o  reach the 1000°F temperature increased by a factor of tro when 

spray cooling w a s  usee. The engine performance during these runs is given 

i n  Tables I and I1 and indicates  no change i n  performance between the  dry and 

spray cooled tests. I n  addition, t rans ien t  pressure traces taken during the 

"ro tests, Figures 12 and 13, ind ica te  compaiable s t a b i l i t y  cha rac t e r i s t i c s .  

The tests 

The effect iveness  of the cooling device is indicated i n  Figure 11. 

The temperature data  for the  dry run is presented i n  Figures 14 to  22. 

dotted l i n e  on each curve indicates  the ana ly t ica l  cor re la t ion  with the 

assumed heat t r ans fe r  coef f ic ien t  (h) noted. Although the cor re la t ion  a t  

The 
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80-t locatlane i n  tho nosrle portion of tbo ch-bor l e  not in cap lo te  agree- 

uent,  i t  v88 conelderad ptucknt t o  um C h .  h i # w  "h" i n  order to  achieve a 

s d a t  coaaervatln rl8 aaglm anrtyolo. I n  r l m l l u  ..rnnrt the tampera- 
= data for  the -ray coohd run t 8  p?@Hnted i n  ?lgUnr 23 to  31. 

The ~ r u l t r  of the c q a t c r  run on the  ULU-23 ria caginc d e l  are shown i n  

'Piere0 32 through 38. Figure 3 i r  a p lo t  of the teqwraturc a t  various 

r t r a t eg ic  locations in the engine veraus t ime  far a continuous f i r ing  of 500 

recards. The SO0 secouds fc l la rhag  shut down are slso shown to  indicate  the 

tapcrature prediction for the soak period. 
the f i r i n g  is predicted t o  be 2375OF. 
temperature at vhich erosion of the PG material takes place. 

vatchband temperature during firiag i r  1460OP and indicates  the need €or a 

good high temperature material. 
Bene' 41aaterial war selected far the watchband. 

Throat teqerature at the  end of 

fhir value is  substant ia l ly  belw the 

The maximan 

Based on t h i s  t q r a t u r e  prediction, 

Figurer 32 through 38 show the teaperatme p r o f i l e  a t  140 locations i n  the 

rig engine for f i r i n g  times of 50, 100, 200, 2m, 400 d 500 seconds cf 

operation and for 100 seconds of soak. This temperature data  was used fo r  

the structural analysis  of the engine to insure proper vatchband restraiot 

and the structural in t eg r i ty  of the engine materials. 

Reference 

1. COP. Warner and DOL. Emons, Effects  of Selected Gas Stream Par-ters 

and Coolant Properties on Liquid Film Cooling - Journal of Heat Transfer 

Vol. 86 Number 2, May 1964. 
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11 . 

C. Struc tura l  Analysis 

Analyses were made t o  determine t h e  watchband configuration and i t s  s t r u c t u r -  

a l  adequacy. 

e s t ab l i sh  the hoop and bending stress p r o f i l e s  for the  r>Toly t ic  graphi te  

Additional analyses, using the IBW 704 canputer, were made t o  

wedges. Since the  behavior of the  watchband and wedges are ia t imately 

r e l a t ed ,  their solutions must be compatible a t  a l l  times, 
be f l e x i b l e  enough t o  permit thermal growth of the  vedges y e t  restrictive 
enough t o  maintain a campressive hoop stress on t h e  wedge Lands. 

a t t en t ion  must be paid t o  the  watchband and wedge stresses during the  i n i t i a l  

100 seconds of f i r i n g ,  

expansion between the  wedge lands and the watchbarid occurs~ 

ent ia l  thermal expansion is  coincident w i t h  maximum stresses in the wedges 

and maximum stress in t he  Watchband. 

The watchband must 

Pa r t i cu la r  

During t h i s  time the  maximum di f fe rez i t ia l  thermal 

Maximum d i f f e r -  

1. Hetnod of Analysis 

Watchband 

The design of t h e  f l e x i b l e  watchband housing permits the housing loads to  be 

car r ied  i n  bending r a the r  than in hoop. 

of rows of tapered, interconnected cant i lever  beams c i rcunferent ia l ly  stacked 

to  form a f l ex ib l e  cy l ind r i ca l  s h e l l .  

width t o  t i p  width) of 2.75. 

(watchband) thickness, r e s u l t s  i n  a t i p  def lec t foa  twice thh 

tapered beam. 

stress throughout the material. 

The watchband cons i s t s  of a number 

The beams have a taper  r a t i o  (root 

This taper  r a t i o ,  ap2lied t o  a beam of constant 

of a nan- 

This r e s u l t s  in a beam of optimum design having constant 

The equations f o r  determining the watchband stress l eve l  and def lec t ion  are 

modified t o  account f o r  the physical differences between the  theo re t i ca l  

model and the ac tua l  beam. 

longitudinal s t r inge r s  upon the length of the  beam and the d t s t o r t i o n  of t he  

beam root width from s e t t i n g  the tapered beam a t  an angle with respect  t o  the 

longitudinal axis. 

the r e s u l t s  of the  watchband t e n s i l e  test fo r  t'Te 5 .5  inch O.D. WLR-21 

rhese ad jus tments  include the  e f f e c t  of the  

The correct ion fac tor  used i n  t h i s  ana lys i s  was based on 

18 

W R I G H T  A E R O N A U T I C A L  D I V I S I O N  S U R T I S S - W R I G H T  C O R P O R A r l O N  W O O D - R I D G E .  N .  J . .  U .  5 .  , 



engine program. 

indicated that the  correct ion fac tor  was not required. 

and the changes that were made are discussed i n  Section 11-D. 

A t e n s i l e  test of the new watchband design was conducted and 

The cens i le  test data 

I n i t i a l  s iz ing  cf t he  watchband was  made by hand calculat ions based on 

thermal growth throrrgh the throat  sect ion and t h r x g h  the  chamber sect ion of 

the engine at t b  end of a long durat ion f i r i n g .  The configuration w a s  then 

checked at room temperature conditions t o  insure adequate preload at i n s t a l -  

l a t ion .  This simplif ied ring analysis  assumes average Land stresses, and 

internal deformation i n  the land only. 

t o  added complexity. 

is used based on the camparable behavior of a so l id  s h e l l  o€ equal thickness. 

TIE equiwalent watchband wdu lus  i s - r e q u i r e d  4s input data for the  analysis  

of the pyrolyt ic  graphi tz  wedgee. 

Axial compatibi l i ty  is neglected due 

An equivalent modulus of e l o s t i c i t y  f o r  the watchband 

Pyrolytic Graphite Wedges 

A coeputer program (Log 918-921) which determines hoop and tending stresses 

thraqghout the engine for auy pa r t i cu la r  i n s t a t  of time is  used f c r  the 

s t ruc tu ra l  analysis of the pyrolyt ic  graphi te  wedges. 

in te r face  pressures  are also computed. 

Deflections and 

Basically,  t he  analysis  is made i n  t w o  par t s .  

-lysis which asstme8 the  engine divided i n t o  axial sectors (maximtaop of 

seven) with each sector CclapOsed of a series of concentric 1ongitudinaLly c u t  

r h g s  surrounding the  wedge and land r i n g  w i t n  a watchband caaplet ing the 

assembly. 
in te rac t ion  analysis  between the r a d i a l  elements includee the e f f e c t  of the  

watchband interference f i t  and the anisotropic  propert ies  of pyrolyt ic  

graphite.  

compatibrli ty of def lec t ian  i n  the axial d i rec t ion  is necessary. Hence, the 

second p a r t  of the analysis  is a longi tudinal  bending analysis  which insures  

axial compatibil i ty.  The f i n a l  stresses, def lect ions and in te r face  pressures 

are solved for the  combined r ing  and bending analysis .  

The first p a r t  is a r ing  

The geanetry and temperature of each element is then defined. The 

Since each sector  is  subject  to  d i f f e ren t  thermal gradients ,  
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2 .  Design Criteria 

ksign c r i t e r i a  f o r  the -.lratchband are based on previous experience and are 

l i s t e d  below: 

L i m i t  the watchband stress leve l  t o  behv 120,000 psi based 011 the  

use of Rene' 41 nmterial. 

Provide a constant interference fit  betveen the  watchband and wedges 

along *.e e n t i r e  length of t he  engine at in s t a l l a t ion .  

Provide watchband support over the f u l l  length of the wedges conuiste3t 

with minimum watchband O~erhang. 

Attempt t o  maintain a constant thickness watchband. 

The design criteria for the  pyrolyt ic  graphite wedges is similarly b a e d  on 
previous experience with the ULR-21 r i g  engine. These requirerPents are as 

follaws: 

Provide Cqressive hoop stress at  the  inner and outer  eurfaces of the 

land throughout engine f i r i ng ,  

Do not exceed approximately 17,000 p s i  combined tensile bending stresses 
in the axial di rec t ion  a t  the outer surface of the land, 

Maintain uniform stress levels along the  length of the  wedge land, i n  

both hoop and bending. 

Maintain uniform watchband def lect ions along the  length of the  engine. 

Minimize throat  area change by providing adequate r e s t r a i n t .  

3.  Analytic Results 

The results of the analyses conducted fo r  the f i n a l  watchband and wedge 

configurations are presented i n  both tabular and graphical form. 

covers conditions from s ta r tup  t o  the end of a 500 second f i r ing .  Computa- 

t ions were made a t  C, 50, 100, 400, 500 and 600 seconds (end of f i r i n g  p l u s  

The data  
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100 seconds of soak). 
inches and the wedge land height w a s  constant a t  3.11 inches. 

ference f i t s  of .OlO,  -011 and -012 inches were included i n  these analyses. 

Watchband design thickness w a s  constant a t  0.265 

Radial i n t e r -  

Tablea I11 through V t abula te  the  hoop streroes a t  the  inner and outer  surfaces 

of the  wedge land as a function of t h e  and interference f i t .  

of t he  various section; is defined i n  Figure 39. 
at each increnent of t i m e  is r ead i ly  apparent. 

stress occurs a t  approximately 100 seconds a t  Section 3 and ranges from 

16,760 p s i  t o  17,790 p s i  for the  va r i a t ions  of interference f i t s .  

end of f i r i n g  (500 seconds) the  range of ccmpressive hoop stress p,C t he  inner 

surface of t h e  throat is  from480 p s i  t o  2080 p6i. 

SO&, t he  hoop stress at the  inner surface of the throat i s  i n  tension 

ranging from 1740 psi t o  115 ps i .  

during firing but will tend t o  open s l i g h t l y  a t  the  land I.D. after eqine 

shutdown. 

of the land at  the throat ofil l  r d n  in campresaion thereby maintaining 

the seal acroso the uedge lmd.  

The Location 

Uniformity of stress levels 

The maximm compressive hoop 

At the  

After 1oG seconds of 

Hence, the throat w i l l  remain closed 

This is not considered s ign i f i can t  s ince  mch of the surface 

The engine test will canfinn this assumation. 

Tables VI through VI11 are of par t i cu la i  importance s ince  they def ine the  com- 

bined axial t e n s i l e  bending stresses a t  the outer  surface of the  land. 

Exper€ence has indicated t h a t  16,000 - 17,000 p s i  should be considered as the 

maximum allowable tensile stress. 

p l a t e s  are made during t h e  f ab r i ca t ion  process to insure  the  material is w e l l  

above t h i s  value. 

for each interference €it cousidered. 

.010 in .  interference,  16,680 p s i  a t  -011 in .  interference and 17,220 p s i  a t  

.Cl2 i n .  interference.  The design was set t o  .011 in.  maximum r a d i a l  i n t e r -  

ference. 

Bend tests of t he  pyrolyt ic  graphi te  

Maximum bending stress occurs at Section E a t  LOO seconds 

The peak values are 16,150 p s i  a t  

Watchband bending stresses as a function of t i m e  and interference f i t  is 
presented i n  Table IX and graphically i n  Figure 40. 

th roa t  and a typ ica l  chamber sect ion.  

the same order of magnitude. The stress l eve l  is naximum for  the throa t  

sect ion a t  50 seconds of f i r i n g .  A t  .011 i n .  interference the stress is 

Data is given for the 

S t resses  a t  other sect ions would be of 
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100,000 p s i  r e su l t i ng  i n  a margin of safety of 207,. 

a t  a l l  other times are higher. 

with interference f i t ,  running about 2000 - 4000 p s i  higher per -001 inch 

addi t ional  interference.  

The margins of sa fe ty  

As expected, t h e  watchband s t r e s s e s  increase 

Tables X through X I 1  show the uniformity of def lec t ion  of the  watchband from 

sect ion t o  sect ion as a fanct ion of t i m e .  Maximum deviation from section t o  

sect ion appears t o  be about .001 inch. 

majority of adjacent sections i s  less than .0005 inch. 

d i scont inui t ies  of deflect ion i n  t h e  engine. 

However, t he  deviation at  the 

There arc 23 sharp 

Figure 41 shows i n  graphical form the  change in the engine throa t  area with 

respect t o  t i m e .  

thermal expansion. 

The throa t  area increases about 7.4% a t  500 seconds due t o  

Two e ther  s ign i f i can t  i l l u s t r a t i o n s  are Figure 42 which defines the  w e i g h t  of 

the watchband as a function of i ts  thickness,and Figure 43 vhich defines the  

f l i g h t  engine envelope as a funct ion of watchband thickness. For the  design 

thicknese of 0.265 inch t h e  watchband w e i g h t  is 3.43 lbs, and <he engine OD 
is 4.275 in .  An improved r a d i a l  insu la tor  design would considerably reduce 

the watchband thickness and weight. 

Due t o  the  range of temperatures predicted for t h e  watchband (up t o  1.500"F) 
by the thermal analysis ,  i t  w a s  necessary t o  select a material having high 

temperature capabi l i ty .  The material chos2n fo r  the watchband i s  forged 

Rene' 41 heat t r ea t ed  and aged to Rockwell C36 mininium hardness and 130,000 

p s i  0.2% o f f s e t  y i e ld  s t rength a t  room temperature. 

t e r i a l s  such as maraging s t e e l  and titanium were considered but w e r e  re jec ted  

a t  t h i s  t i m e  due t o  the high temperature requirements. 

materials have strength-to-weight r a t i o s  greater than Rene' 41 a t  moderate 

temperatures, both have upper temperature l imi ta t ions  of about 800°F. 
of an improved r a d i a l  insu la tor  

permit use of a mater ia l  other than Rene' 41. This would r e s u l t  i n  a reduced 

watchband thickness and weigh:. Improved insu la t ion  development i s  not,  

however, within the ssope of t h i s  program. 

Other watchband ma- 

While both of these 

'ihe use 

would reduce t h e  watchband temperaturc acd 
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Numerous computsr runs were conducted pr ior  t o  the se lec t ion  of the  2.265 in. 

watchband design thickness. 

inches were investigated.  

to  0.022 inches were a l so  included. The f i n a l  solution 1s th3 result of 44 
connputer runs. Of these, 18 runs w e r e  for the f i n a l  design a t  six instances 

of t i m e  and three  interference f i t s  each. Of the  r w i t d c g  26 runs, 10 were 

t o  determine the  e f f e c t  of interference f i t  and 16 runs t o  e s t ab l i sh  the  

watchband thickqess and bema angle. 

a t  i n s t a l l a t i o n  and at elevaret temperature. 

Thicknesses ranging fram 0.180 Lnches t o  0.400 

Stepped thickness and interference f i t s  from 0.008 

These computer runs included conditions 

In c d e r  t o  minimize the  watchband overhang, i_t is  des i rab le  t o  have 

a beam angle as possible cons is ten t  with a l l  other  wedge and watchband re- 
quhrements. 

f i n a l  design incorporates a boam angle of 32"30' a t  a p i t ch  of 0.43 inches. 

The poaftioning of the watchband with reepect ta the wedges is shown in 
Figure 46 which shmm that the  wedges are fully supported f o r  almost t h e i r  

e n t i r e  length. 

- l a rge  

%am angles ranging from 25" t o  41' were investigated.  The 

4. s- 

1.e  follcwing items summarize khe r e s u l t s  of t he  watchband and the  pyrolyt ic  

graphi te  wedge analyses fo r  the WLR-23 r i g  engine: 

The ULR-23 r i g  engine should oper-te for  a continuous f i r i n g  of 500 

seconds provided the  measured wat-nband temperature is  within 15% of the  

theo re t i ca l  watchband temperature throughout the run. 

< 

The r i g  engine should be b u i l t  with a watchband r a d i a l  interference of 
0.010 - 0.011 inches. 

Peak watchband stresses occur a t  about 50 seconds of f i r i n g ,  reaching a 

l eve l  of 100,000 p s i  over the throa t  sect ion.  

Peak compressive hoop stress and t e n s i l e  bending stress i n  the wedges 

occur a t  about 100 seconds, reaching a l eve l  of 25,56G p s i  and 16,671 

psi respect ively a t  the convergent sect ion of t h e  th roa t .  
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The maximum radial def lect ion of the watchband should not exceed 0 .025  

inches a t  590 seconds. 

The theoretical throat area increase is 7.49, after  500 seconds. 

Note that some of these resu l t s  have been modified, based on the witchband 

tenfdle specimen test. The revisions in configuration and minor changes in 
stress level are discussed in the fo l lodzg  section, 114. 
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I1 - DISCUSSION 

D .  Watchband Tensile Specimen 

A watchband tensile specimen, Figure L5, was fabrf-cated t c ,  t e s t  3 sample 

sect ion of t h e  watchband beam configuration. This test  rJas m d e  t~ determine 

the ac tua l  spring rate of the watchbad dzsign, cmlpare i t  vi’x the ana ly t i ca l  

prediction, and then determine the design adjustments nceded to  obtain the 

desired loading. Finel  machining (On and I D )  of the  watchband was delayed 

u n t i l  the  r e s u l t s  of t h i s  procedure were known. 

The t e n s i l e  specimen tes t  configuration is sh0.m i n  F i g i r e  46. The load- 

def lec t ion  curve obtained from thc! tes t  d a t a  and the  ana ly t i ca l  p r  

are given i n  Figure 47. 
analysis  included a correct ion factor for the  e f f e c t i v e  length of the be=-, 

and beam root dis tor t ionb.  

correct ions were required and ac tua l ly  could have been disregarded. 

i c t i o n  

As discussed i n  the previous sect ion (11-C), the 

From the  test r e e u l t s  it appears that only -inor 

nvest igat ion w a s  made t o  determine means of modifying the desigr, to ab- 

t a i n  the ,Zquired loading schedule Withi’i the dimensions of the p a r t i a l l y  

fabr icated watchbmd. The watchband was complete except f o r  fin&: grinding 

of the ins ide  and cjutside diameters trith approximately .NO inch excess 

stock on each of these surfatpg- 

Hand calculat ions and some preliminary computer r u n s  indicated tha t  a watch- 

band with red .ced s t i f f n e s s  

ence f i t  were increased. Ir: addition, the thickness of the p a r t  could be 

increaseE 7-iithin ’he l i m i t s  of the avai lable  material tc  gain scne increase 

of S t i k l i : - S S  over the  test resul,ts. Thus, the nom’-a1 radial inter-p--n.;e 

f i t  was increased from 0.01i inches t o  0.025 inches, and the  wall thickness 

w a s  increased from 0.265 inches t o  0.290 in r \es .  

would be sa t i s f ac to ry  if t h e  i n i t i a l ,  i n t e r f e r -  

S t ruc tura l  analyses of t h i s  configuration were made and the results a re  

summarized i n  Figure 48 and i n  Tables XI11 through X V I .  

plo t  c-f watchband s t r e s ses  a t  t h e  throat  and chamber sect ions a5 a ‘qinction 

of run t i m e .  The maximL.a s t r e s s ,  which occurs g t  50 seconds, i s  iwreased  

by approximately 9% over the or ig ina l  design J u t  is s t i l l  w e l l  within the 

l imi ta t ions  of the ~ t e r i a l .  

Figure 48 ?resents  a 

25 

W R I G H T  A E R O N A U T I C A L  DIVISION C U R T I S S - W R I G H T  C C R P O R A T I O N  W O O D - R I D G E .  N J u S A 



Tables XI11 and X I V  shw ihe hoop s t r e s s ,  and combined bending stress i n  the 

vedge land, 
stress pfctirre. The i n s t a l l a t i o n  s t resses  are sorccwhat higher; hmever, t h ~  

maxim stzess a t  100 seconds is now Lower. 

h ig te r  stress improves the land loading conditfon i n  the throat ;  a f t e r  100 

seconds of s o u  the throat inner land surface i s  s t i l l  closed. In the 

b r i g i c a l  design it was in s l i g h t  tension. 

"'e higher i r te r fe rence  f i t  results i n  an improved overal l  

A t  5 N  seconds thc s l i g h t l y  

Table XV shavs no appreciable change f roo  the  or ig ina l  analysis  or' the 

watchband radial def lect ion h is tory  as measured from the i n s t a l l ed  posi t ion.  

The r a d i a l  i n s t a l l a t ion  s t r e t ch  i s  increased f r a n  about .007 to .02@ inches. 

No appreciable throat area variatloa %curs between the i n i t i a l  d f i n a l  

design;. 

s e c o d s  the change increased from 2.2 pczcent i n  the or ig ina l  design t o  2.8 

percent, 

Table lM shovs the theore t ica l  percent throat area change. A t  50 

A t  500 seconds Zt inczeaaed from 7.32 percent t o  7.8 percent. 

In smmary, the iratchband design revis ions provide a cclmpietely sa t i s f ac to ry  

configarat3on which in some yespects is an i n p r o n n t  over the or ig ina l  

design, 
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11. DISCUSSION 

E. Rfp; Engine Fabrication 

Fabrication of a l l  p a r t s  required f o r  the  i n i t i a l  r i g  engfne build i s  w e l l  

underway and somewhat ahhad of schedule. The current  s t a t u s  of fabr ica t ion  

shotllt! allow the  i n i t i a l  test t o  start during the  first veek i n  Apri l  1966. 

The manufacture of per t inent  r i g  engint p a r t s  is discussed i n  the following 

paragraphs. 

Pyrolyt ic  graphi te  p l a t e s  f e r  :he wedges w e r e  purchased t o  WAD Specif icat ion 

5839 (Appendix I). 

fabr ica t ion  procedure o u t l i m d  inPigurc 49. V i s u a l  inspection vas made for 

surface flaws and gross Celumiaations. 

t o  t h e  spec i f i ca t ioa  requirements. 

The material was subjected t o  the  qua l i t y  cont ro l  and 

Nodules were measured f o r  conformance 

A template made t o  the shape of the detail wedge vas positioned on Each p l a t e  

to  e s t ab l i sh  an optimum locat ion which had no large nodules i n  the  uedge land. 

A f lexure  test specimen was  sectioned from each p l a t e  as sham i n  Figure 50 t o  

insure that the structural proper t ies  of each p l a t e  Yere sa t i s fac tory .  

schematic of t he  f lexure test configuration is shown i n  Figures 51 and 52. 

Testing w a s  performed on an Instron Tensi le  machine using a cross head move- 

ment rate of 0 . 0 2  inches/minute. 

the  f i r s t  engine build a re  tabulated i n  Table XVII and a r e  cell above the  stress 

leve ls  that are predicted during test. 

A 

The test r e s u l t s  f o r  wedges t o  be used i n  

The rough wedge o u t l i c e  was c u t  from each p l a t e  and Lhe angles on the  sides 

w e r e  rough milled leaving .006 inch excess s tock on each side. One s ide  of 

t he  wedge w a s  fdnish ground. Posit ioning oil t h i s  ground s ide ,  the undercut 

t h a t  forms the land w a s  then milled on the opposite s ide  using a Hydrotel 

machine. 

ground completing the wedge de ta i l  as shown i n  Figure 53. Pr ior  t o  assembly 

the wedges were inspected f o r  delamination and/or surzace flaws by a dye 

penetrant (Zyglo - post emulsification) process i n  accordance with spec i f i -  

cat ions AN32645 and Apis3156. 

The land surface on the  rel ieved s ide  of the wedge w a s  then f i n i s h  
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The eighteen wedges tha t  form the chamber were assembled and retained 5y a 

s p l i t  sleeve tool  as s h m -  i n  Figure 54. The ends were g.r?und t o  es tab l i sh  

overa l l  length and a chamfer vas machined on both ends. These chamfers 

provided a surface upon which end clamping d i sc s  rode while ho ld i r !  the 

assembly during f in i sh  grinding oc the  outside diameter. 

With the  outside diameter finished machined, the  PG cylinder segments aad 

the sheaths w i l l  be placed around the  wedge assembly. The watchband w i l l  

then be expanded Over the  wedge assembly by use of a tapered plug. 

wedge assembly inner diameter will. be g r m d  t o  produce the  proper contour. 

T k  wedge assembly, PG i n l e t  and exit washers, Be l l ev i l l e  s p r i n g s ,  the  

shoe, and the exit flange w i l l  then be assembled i n t o  the housing. 

The 

The BellevIl le  springs,  were fabricated from 0.233 inch Rene' 41 sheetma- 
t e r i a l .  The springs were treepaned f ran  the sheet and machined t o  s ize .  

A f t e r  mxhfning, the  springs w e r e  heat  treated in stacks of four t o  produce 

the f i n a l  spring assembly. 

hours and air cooled. 

mum desired hardness of R 36. 

The springs were aged a t  160O'F + - 15°F f o r  16 

After aging, the springs were inspected f o r  the mini- 

C 

A Rene' 41 forging w a s  purchased for the watchband and curned on both the  

outer and inner diameters leaving .OS0 inch excess stock on each surface. 

This cylinder w a s  then aged a t  1600" + - 15°F fo r  16 hours and a i r  cooled. 

After aging the cylinder w a s  checked f o r  hardness and z reading of R 
obtained- This value is within t h e  drawing requirements. The watchband 

s l o t s  a r c  being produced by an elox method. Electrodes, fabr icated from 

graphite t o  the shape of the s lo t ,  arc arrangej i n  banks of f i f t e e n  and are 

used t o  burn t h e  slots i n  the  cyiinder.  

38 was 
C 
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Xi. DISCUSSION 

F. Injector  Development 

The WLR-23 i n j ec to r  has t o  pass the necessary propellant weight flow t o  

prodwe 100 Ibs .  of t h rus t  a t  a pressure drop consis tent  with a feed pressure 

t a r g e t  of 195 + - 5 psia .  

An in-house progrcrrc w a s  i n i t i a t e d  p r io r  t o  rece ip t  of contract  t o  upgrade the 

WLR-21 in j ec to r  f-an 85 t j  ~ : I00 l b .  t h r u s t  level. In addition, t o  fur ther  

insure good d i s t r i b u i t m  1.- - 2  *:he standpoint of chamber durabi l i ty )  the  

t o t a l  nunber of por ts  w a s  increased frm 8 t o  16. Heavy duty in j ec to r s  w i t h  

manifolding requizing long f i l l  times, were used. This p r o p -  p-zoc’uced an 

in jec tor  configuracion shovn i n  Figure 9, bsring good stability character-  

i s t ics  (reference Figures 12 and 13). However, the  fwl frctd pressure 

schedule w a s  somevhat above the desired V a l - ! ,  as shown i n  Table XVTII. 

T-JO low f i l l  tk-- in j ec to r s  having 8 calculated response time (sigual t o  90% 
th rus t )  of Somshave been designed, Figure 7, a d  fabricated for use vith t he  

ULR-23 r i g  engine. 

One of these in j ec to r s ,  (ES 156903N1) incorporates o r i f i c e s  s ized t o  produce 

pressure drops of 40 psi €or the oxiGLzer and 78 p s i  f e r  the  fue l .  

in jec tor  is s i m i l a z  t o  tha t  run during the  copper engine t e s t a  (except for 

reauced manifold volume t o  reduce f i l l  t i m e  and response t i m e )  and should 

produce f u l l y  a tab le  combustion. However, the  f u e l  feed presrrure requirement 

would be approximately 30 p s i  aver target .  

(ESl56903N2) reduces the fue l  o r i f i c e  preruure drop t o  meet the  t a rge t  feed 

pressure. 

This 

A var i a t ton  of t h i s  derign 

30th of these in j ec to r  deaignu nave beea fabricated.  

cumea of the  in jec tor  i n s e r t s  are shown i n  Figures 55 and 56. 

drop in jec tor  o r i f i c e  ca l ib ra t ion  iadicates t h a t  deuign flcm is a t ta ined  a t  

60 p s i  pressure drop f o r  both propellants.  

t han  design values and is thought t o  be due t o  a s l i g h t l y  rounded o r i f i c e  

entry which r e s u l t e d  i n  a mean coef f ic ien t  of discharge of 0.91 fo r  the oxi- 

dizer and 0.95 for  the f u e l  o r i f i c e s .  The discharge coef f ic ien t  used i n  

The cold flow ca l ib ra t ion  

The low preasure 

This preesure drop i a  lower 

29 

W R I G H T  A E R O N A U T I C A L  D I V I S I O N  C U R T I S S - W R I G H T  C O R P O R A T I O N  W O O D - R I D G E .  N.  J . .  U .  S .  A 



design of the o r i f i c e s  w a s  0.85. 

is  s a t i s f a c t c r y  and no attempt vas made t o  change the pressure drops t o  match 

the design conditions. 

The spread i n  o r i f i ce - to -o r i f i ce  ca l ib ra t ion  

The higher pressure drop in j ec to r  ca l ib ra t ion ,  Figure 56,  shows tha t  the 

oxidizer weight flow is obtained at  37 psia pressure drop and fue l  weight- 

f l o w  a t  80 p a i  pressure drop. These values are closd to the design estimates. 
The rpread i d  flow batween o r i f i c e s  i a  also q u i t e  sa t i s fac tory .  

Both of these in jec tor6  w i l l  be t e s t ed  e a r l y  in the  second quarter  t o  deter- 

mine which w i l l  be used for t he  ACE rig engine test series. 
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111. PLANNED FUTURE ACTIVITY 

The activity planned for the second quarter of the program is outlined in 
Figure 1 and is briefly described belrJw. 

Rig Engine Fabrication 

All detail parts for the first rig engine build are available with the ex- 

ception of the watchband. 

and is scheduled for cunpletion the last week of March. 
engine assembly is scheduled fer the first week of April. 

Final machining of the watchband is in process 

Caapletion of the 

Evaluation Testing (R ig Engine1 

Start of rig engine evaluation testing is now scheduled €or early April. 
tdst plan bas been submitted to NASA for approval. 

first engine will be complete? during the second quarter. 

A 

The test series on the 

Flight Ccmfipuration Design 

Design of the flight configuration will be initiated based on the results of 
the first test series on the rig engine. 

In i ec tor Dew lcpmen t 

Evaluation of two injector configurations,designed for ase with the rig 
engine, will be pnpleted by the end of Narch and one configuration will be 
selected. 

results and will be initiated in the second quarter. 
Activity on the integral spray injector will be based on these 
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I 5839 

4 Pager 

1. 

2. 

3. 

4. 

5. 

~~ 

5.1 Rowrties: Unless otherwise specifid, the saterial shall cmforn 

A-: 
in all qumwions and when acknowledging purchase orders, 

A vendor shall mention this specification number 

- Fo%M: F l a t  plates, 

APPLICATION: 
pcmente where mirotropic properties of thermal. caiduc~iv;' .- ad/or 
resistivity are wcesaary  at apprcdmntely 5000 F. 

Primarily for use in the fabricatfm zf varicxis c a -  

HUERIAL: A polycrystalline form of graphite having a degree of 
orientation and purity. Material shall be produced by tba deposition 
of carbon from a vapor phase onto a substrate at an elevated tamper- 
ature. 

5.1.1 

5.1.2 

5.1.3 

5.1.4 

5.1.5 

to the following requfreaeents: 

Density, g per cc at 77 F 2 5 

Decomposition, T c t a l  Ash, Wgt, % 

Degree of Preferred Orientation, R value 

Flexural Strength, "a" direction (in the plene, 
parallel to surface of c!epoa€tion), p s i ,  min, 
at  77 F f 5 

Tensile Strength, %'' direction ( in  the plane, 
parallel to tvrface of deposition), p s i ,  m i n ,  
at 77 F ,+ 5 

2.18 - 2.20 

0.1 

Greater t b  7 
but less then SO 
(See Mote 1) 

15,000 (Bee 
Note 2) 

. 

8,000 
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5.1.7 Curvature, deflection, nux Not t o  exceed 
0.035R (See 
Note 3) 

Note 1. 
of 108 I / I ~  108 C08 W, dr:. I/- 1 00d w t h ~  between 
the ref lect ion plane and the te-e direction. 

The n value, ab determined by x-ray dif fract ion,  is the slope 

Nota 2, 
minimum length of 3 inchea. 
bacal plane. 

The specimen shall have the same w i d t h  aa its thickness and a 
It ahall be loaded perpendicularly t o  the 

Note 3. 
B i s  the distance fran the edge of the plate  t o  the point of m a x h  
defletction when measured on the concave surface. 

The curvature of all  plates shal.1 be measured before grinding. 

6, QUALITY: 

6.1 Material shall be uniform i n  quality and condition, c l e a n a d  free 
from imperfectioas detrimental t o  i t a  performance. 

6.2 Conical G r d  Defects (Nodules): 

6.2.1 Discaritinuously Nucleated: No nodule or cluster  of nodules 
(nodules tuuching each other) sha l l  be larger in d h t e r  than 
me-half :he -thickness of the plate  for a l l  thicknesses up t o  
and including 3/8 inch. 
nodule shall be larger than 3/16 iach in diameter, 
be at least one inch between any bm nodules of the largest size 
all& for  the thtcknese of the plate  a d  t n e r e O s ~ l  be not 
mare than 15 nodules in an =ea of 25 square inches. 

For plates thicker than 3/8 
There rphall 

6.2,2 Conthous ly  Nucleated: The material sha l l  be free fran nodules. 
A microstructural examinatiam shall be :lerfonwrd tu- .ti.W 
the material is caatinausly nucleated. 

6,3 Surface Flaws: The exposed surfaces of the plate  shall not have 
angt cracks when examined visually nor shall the swfsces be visibly 
marked (grooved or gouged) by measuring bstarments. Final hspec- 
tion for cracks shall be made by a penetrant vye check, Plates 
having surfaca flaws shall be rejected. 
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6.4 Delaminations: Edges of the plate  shall be examined visually f'or 
delaminations paral le l  t o  the deposition surface. 
fpr deLIBinrtions sha l l  be made by a penetrant dye check a f t e r  
f b h h  machining. 

F ina l  inapctioa 

Delaminated material shall be rejectedL 

7. 

7.1 Unless o t h e m s e  specified, the vendor of the product shall furnish 
w i t h  each shipment three copies of a report s ta t ing that the pro- 
duct conforms t o  the requirements of this speciflcation. 
report  sha l l  include the purchase order number, material specifi- 
cation number, vendor's material designation, form or part  number, 
quantity, and process records showing outgassing and Snmace 
c-1- t b e ,  deposition time and temperature, and t o t a l  cubic 
feet and specific type of hydrocarban gas used for  ea& furaace 
lot of material. 

This 

7.2 Unless otherwise specified, the vendor of finished or  s e d -  
finished parte shall furnish with each shipment three copies of 
a repor2 showing ;the purchase order number, material. gpecification 
number, contractor or  other d i r ec t  supplier of matctr'ial, supplier's 
material deaigaatim, p a r t  munhr, and quantity. When material 
fat makFrrg parts %s produced or purcha8ed by the parts vendor, that 
vendor shall, 4hspect each Lat of material t o  de terdm conformance 
to  the requiremeate of this apesif.ication, Qptd shall include copies 
of laboratory reports shadshg the r e su l t s  of teete t o  determine 
confomance . 

8. ~ I F I C A T I O N :  
specification number, and manufacturer*s a m  or trademark, or b 
some other manner agreeable to the purchaser. 

All material shall be clearly marked t o  show thia  

9 .  PAcKAc;ING: Pack@.ng shall be accomplished i.n such a manner as t o  
ensure that the p i d u c t ,  during shipareat and storage, will be gro- 
tected againat 'damage fraa exposure to weather or any normal hszard. 

10. APPROVAL: - 
10.1 To assure adequate performance characterist ics,  material shall 

be approved by purchaser before material fo;. production use is 
supplied, unless such approval be waived. Results of t e e t s  on 
production valserial shall bc essentially equj-valent t o  those on 
the npprovcc7: smpIc. 
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10.2 Vendor ahal l  ure the raam ingredients and mmufacturfing procelrres 
far production material u for approval sample matarid. 
neceerary to make any chnge in lngrebientr or processing which 
euuld affect any characteristics of the material, vendor shall 
declare such change to the purcherr. 

If 

11. ACCEPTANCE: Material not conforming to this specification or to  
authorized modifications W i l l  be subject to rejection. 
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Teat No. 23-1 

Test Date 1/10/66 

Duration 65 Seconds 

8 Seconds 60 Seconds 

K O  
2 2  

System 

Tank Pressure-psig 

kngine Fped Pressure-psig 

Flm-lbs/sec. 

318.3 316 .O 

194.2 193.5 

0.2130 0.2096 

mH System 

T a d  Pressure-psig 

Engine Feed Pressure-psig 

FLow-lbs/ sec . 

271.9 

200 

0.1049 

269 . 5 

198.6 

0.1033 

WH Spray Cooling System 

Tank Pressure-psig 

* Orifice Upstream Pressure-psig 

* Orifice Downstream Pressure-psig 

Flm-lbs/ sec . 

618 -4 
613.8 

149.0 

.C261 

619 .a 
614 - 6 

155 -0 

00260 

Suir l  Cup Pressure-psia 

Combutiorl Chas3er Pressure-psia 

z11.0 

105 .4 
111.3 

105 . 7 

S w i r l  Cup Pressure Patio-P /Pc sc .. ' .042 1.052 

Total Propellant Weight Flow-lbs/sec.  0.3440 0 . 3389 

Oxidizeri'Fuel Ratio 1.622 1.618 

5390 5680 C" 

94.6 96.4 

*Calibrated fuel spray line orifice.  
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Test No. 23-2 

Test Date 1/11/66 

Duration 32 Seconds 

KZQ4 System 
Tank Pressure-psig 
Engine Feed Pressure-psig 
P~ow-lbdsec 

M E  system 

Tank Pressure-psig 
Engine Feed Pressure-psig 
Flow-lbs/ sec 

Svirl Cup Pressure-psia 

Caubustion Chamber Pressure-psia 

Swirl Cup Pressure Ratio - P /P sc c 

Total Propellaat Weight F i ~ - l b s / ~ c  

Oxidizet!Fuel ratio 

CX- 

C " 7  f. 

10 Seconbs 

308.2 
186 . 9 
0.2120 

266 -0 

194.2 
. 1056 

103.2 
97.8 

1-05 

.3174 

2.011 

540: 

I 

95 .o 

27 Secoru 

308 2 

183 1 
0 0 2098 

265 . 2 
192.6 

.lo% 

102.3 

96.9 

1.06 

-3152. 

1.991 

5389 

94.6 
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Sample 
No. 

Flexure 
Strength 

1 

2 

3 

4 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 
15 

16 

17 

18 

26,300 psi 

24,000 psi 
25,400 p8i 

26,900 poi  

26,400 pa1 

26,100 psi 
23,400 p8i  

27,700 psi 

26,300 psi 

24,700 psl 
24,201, psi 
23,200 psi 
23,600 P S i  

24,600 p s i  

24,900 p s i  

26,100 pSi  

25,700 p s i  

?5,900 p r i  
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